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STUDIES OF BLADE SHANXK FORM AND PITCH DISTRIBUTION : =« e
FOR CONSTAKT-SPEED PROPELLERS o LT

By Elliott G. Reid ' B S
SUHMARY - Che w e

in experimental investigation- -of the influences of . T

blade shank form and pltch distributlorn upon the aerodynaﬁrm _ _ff
characteristics of constant-speed propellers has ‘been car-'m;;"ﬁ;;
ried out at Stanford University. . - S .

It was found that the replacement of round blads shanks __._-=

by falred ones préduced substantial improvements of_ effl— "ﬂ =
clency whilch increassed with the advance ratio. Pesk effi- -~ = —
ciencies were slightly augmented by the use of unusually CoT
thin shank profiles but at the cost of serious impairment_ of :
the characteristics for reduced advance ratios; the latber "f—“_' .
ffect is ascribed to the stalling characteristics of tha. .. ...
thln profiles, It was also fouhd that obgcctiOnggle diacou—
tinultles of performance occurrcd whon the pitch angles of L :
oxposcd shank clements excoodod 90°, ] B -_--"*ﬂ?

Analysis of the characteristics of models with systew- .
atically related distributions of both uvniform and nonupni- - S5
form design pitch revealed thet uniformlty of the afigles of
attzck of the blade elements is the best criterion of effl—”
ciency in unstalled operation, The test resul$s indicate
that this requirement is most neoarly satisfied over a wide_
range of operating conditions by the pitch distribution de~ . R
fined by a blade twist curve which is the envelope 6F the T
twist curves for all blades of uniform design pitch, It 1s_ . e

bellevod that the roots of such blades should be washed oubt
if they are to operate in the prescnce of substantlal bodv )
intorfarcnce. : : : . e e

FEENR 1

In en appended note on the selectlon of propellers, -~ "
special attention 1s gilven to the effects of overloading, _

RESTRICTED e e a
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INTRODUCTION | e

The necessilty of selecting a pitch ratio appropriate to
the anticipated operating conditions was indicated Dby the
earliest systematic experiments made on aircraft propellers.
However, the first tests of an adjustable-pitch propeller =~
(reference 1) demonstrated that, within the limited range -
then investigated, optimum efficiency could be closely ap-
proached by simply rotating blades of relatively small uni-
form design pitch to angles larger or smaller than those for
which thoy had bPoon designed. Some subsequent studies of
controllable propellors {o.g., referonces 2 and 3) have indi-
cated the desirability of increasing the design pitch ratio,
particularly for operation at large values of the advance
ratio, but contradictory evidence will be found in reference
4, The advent of the constant-speed propeller and the ocon-
tinuous improvement o0f airplane performance with engines of o

EE=—ta— ]

erating conditions as to necesgitate that the 1nfluenues of
pltch digtribution dDe systemgtically re- emamlned from th
viewpoint of current practice, o

When the first adjustable metal blades were developed,
structural considerations led %o the substitution of circon-
lar blade shanks for the previously used ones of airfoil -
profile., The advantages of adjustablllty and of thlnner
of round shanks that blades of such form were eagerly ac~
cepted and still have wide use despite the aerodynamic cru-
dity of their inner sections, Recently, auxiliary Ycuffs'
and shanks of girfoil profile have had limited use in an of-~
fort to suppress this source of incfficiency, but conflict-
ing flight test reporte .and the lack of comprehensgive lab-
oratory data havo left some doudt of the practical value of
such refinements. , -

The present investigation was undertaken in an effort
to clarify both of the questions outlined in the Preceding
paragraphs, The influences of blade root form were studled
by testing model propellers with round shanks, similar mod-
els equipped with replicas of streagmline cuffs adequate for
the enclosure of such shanks, and stiii other models 51miIar
to the first except for the use of relatively thin air-
foil profiles for the shank sections. The questlon of pitca
distribution was investigated by testing two families of
models, both of which hatvte thin shanks of airfoil profile,
The first, of the uniform pitch type, have design blads
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angles which range frOm,24° to 60° at 0.76 tip radius.
second group consists of three'sets of blades which incorpo-
rate as many progressive departures from uniformity of de-

sign pltch and one set in which washed-out roots are combined

with outer sections of uniform pitch,
the absence of substantial body interferences,

semall spinner was used to enclose all model hubs,

from,

Thig investigation,
was sponsored by,

the ¥atioral Advisory Committee for Aeronauntics,
SYI{80LS.

diamcter, feot

tip radius, feet

disk area (mR®), square. feet
auvmber of blades

radius of element, feet

chord of selement, fwet

maximum thickness of element, feet
air density, slugs per cudbic foot
airspeed, feet per second

rotative speed, revolutions rer segond _
advance rasio (replaced by J in figs.lb and 3)
power input, foot-pounds per second

thrust, pounds

power coefficient (P/pn®D®)

4
thrust coefficient (T/pneD )

efficiency (cmv/anD)

The

conducted at Stanford University,
and conducted with financial assistance

%

The tests were made in
and the sgne
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ny ideal efficiency (n;°/1-ny = 2 p AVZ/D)
Cprp thrust-power coefficient (nCp)
B Piteh angle of element, degrees (refprence—phord lina)

B! plteh angle of element, degreos (refercnce-lift axis)

B'q pitch angle of tip eloment, degrees (geference—lift

axis) —i—
" =2 ¥ -
¢ effective helix angle tan , degproes
2rn
o angle of attack (¢ - RB'), degrees {?J
Ao range of variation of angle of attack (ap,, = @psi,),

degroes. (Eloments botween r/R = 0,15 and
r/R = 0,98,) ' -

1ODELS AND APPARATUS

The model propellers used for this investigation incor-
porated 13 different forms of adijustable-pitch duralumin
blades. All nmodels were of 33.6 inches diameter and were
eguipped with 0,15D spinners of the form illustrated in fig~
ure A. The closely fitted masks which covered the spinner
apertures may be secn in this photograph and attontion is
callod to the absence of body interforconcs. ca =T

Four-blade models were utilized for the study of blade
shank form because four suitable models of this type werse
already avallable. Since they previously had becen tested in
combination with a wing—-nacolle model, the construction of
two now four~bladoc models made it possible te cover the
rango of blade shank forms dcsired for the prosont oxperi~ |

monts and, at the samc time, to determine tho characteristics

of the cxisting modols in thce absence of body intorforcnco.
Cn tho othor hand, cconomy dictated the usc of throe~blade
models for tho study of pitch distribution.

The principal design ckaracteristics of the various
blade forms are presented in figures 1 to 6, Figures B and
C are photographs of representative members of the group.
Before enumerating the distinguishing features of these
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o

models, it may be well to call attention to the following
conmon characteristics: With exception of lodel P, the pro-

totype which has round shanks, all the models represent pro=

pellers the blade shanks of which are enclosed by cuffs, or
are equipped with fairinge, of airfoil profile., Horeover,
the profiles and plan forms of the exposed portions of theﬂe
blades = that is, the portions outboard of the cuffs or
fairings - arg, with negligible exceptions, identical with
those of Hodel. P. The blade widths and thicknesses will be
found in figure 1. All the blades have HACA 16-series pro-
files between the tip and the station r/R = 0,785, Between
this statior and %the outer limits of the cuffs, a transitlomn
to a modified Clark Y profile is effected. Sections of the
Clark Y family are retained for the cuffs of ilodels Py, Pgy,

and Pggs in all other models, a transition back to NACA 18-

series profiles occurs within the length of the cuff or root
fairings In both of these groups, the profiles of the root
sections are of symmetrical, although not ildentical, form,

. Six models, the design blade angle curves of whigch will
be found in figure 2, were used for tho study of blade shank
form, They haeve the following distinctive characteristics:

Hodel P.,~ A conventional tvpc blado of uniform goomot-
ric dosign piteh (Bg wsp = 24 ®) with relatively wide tip and

so~cglled round shank, Attention is called toc the mcasuroc-
mont 0f B with rofercnce to the nominal chord line and %0
tho fact that degencration of tho airfoil profile into a

circular soction is completo only at tho innormost section
of the blade. (Sce figs. B, O, and 1,) T

izodel Py ropresonts llodol P oqulppcd with a cuff of
Clark ¥ profile; %ho goomotrlc PluCL of the cuff 1is tho same
as that of the outer portion of the tlade,

iiodel Pyy represents Model P equipned with a refined

Olark ¥ cuff which has smaller radial and chordwise dimen-
sions than those of Py and incorporates a washout of 129.

(Fote: Washout specified is that at the spinner surface,l_

Hodel Pyg differs from Pgg only in pitch distridbution;

the outer blade angles differ very slightly (‘ig. 2) but the

cuff washout is 16 in thie case.
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liodel Ppy represents a blade of the same outer plan. _ = .
form and profiles as in P, but with larger design pitch ]
(Bo,75R = 30°) and a faired shank of unusually small thiclk-
ness, (See fig, 1,)

Hodel Ppp is identical with Pgy except for a washout of
10° in the faired shank. T

The eight models tested to determine the influenczg of
piteh distridbution incorporate the following features:
U-Series (ifodels U-24, U-36, U-48, and U-60). All thesec
Plados have plan forms and proflles identical with those of
Pgy and Pgpgs their blado angle ourves are shown in figure 3.

In this case tho blado angles arc thoso measured with refer- - -
once to tho 1ift axoes or "ao lift lines" of the profiles and
are thoroforc éosignated by B'. Tho dosign pitch of oach e
of thcso blados is uniform ia the truc aorodynamic, rather N
than the arbitrary geometric, sense; that is, the relation-

ship L

P = 2wr tan B! = constant T

chae

is satisfied for all values of r, The numerical designa-
tions of the U models are simply the &esign values of gt .
(in deg) at r/R = 0,75, T e—

Since thé only consequential result of changing the de-
sign pitch .of the blades of a controllable or constant—
speed propeller is to alter the twist, or variation of dlade
angle between root and tip, the significant differences Dbe-
tween such blades as those of the U-sories can best bo II-
lustrated by comparison of their twist curves. Vert;cal
displacoment of the curves of figure 3 by such amdumts as b0
roducc tho tip blade angle f'pm to zoro iIn cach casbhyiﬁlas N
the intorcsting rcsult shown in figurc 4.* Tho small order
of tho difforoncos DYotwoeon the anglos of twist ‘for thoso o
bladcs tho dosign pitchos of whick diffor so widely is, per-
haps, loss surprising than tho fact that tho twisl curves Of
uniform—~pitch propocllcrs appoar to dofine an onvolopo, In-~
vestigation reoveals that tho cquation of tbls onvolopo 1s__

B! - B'p = cot™*/r/R - tan"t*Vr/R T (1)

- -d

*Similar curves for modols of the P-~gorics arc shown
in fig. 5; tho irrcgularitios apparont thoro result from tho
common dcsign practice of Pasing pitch calculations upon N
valucs of B rathor than 8.
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This relationship was utilized in the design of %the
E-Series (¥odels 0.8E, 0,6E, and O0,4E)., These models differ
from those of the U-~series only in that they are of nonuni-
form design pitch; their twist curves appear in figure 6,
The ordinates of these curves were derived from those oI t:e
envelope curve by multiplying the latter, successively, by
0.8, 0.6, and 0.4, The "fractional envelope™ models whick
incorporate these twist curves are corresp0nd1 gly deslg-
neted. :

Hodel Pgp.- Tests of a three-blade model of this type

were added %o the original program for the study of pitch
distribution. -

The experimental work was conducted in the 7.5-Too0%
wind tunnel of the Guggenheln Aeronautic Laboratory of -
Stanford University. Descriptions of this tunnel and of the
propeller dynamometer will be found in reference 5. The
only departure from previous Ppractice was the reduction of
the diamotsr of the dvnamomoter shroud to that of the spin-
ner; this was done to eliminato the stopped contour associ—
atod with the provious toloscoping arrangement and had tho ™
degirable offoct of reducing the differcnce betwoen ‘the
prasguro on the back of the splaner and tho static pressuroc
of the air stroam. - ' e

TESTS ATD TECHEWIQIE . —

The experiments were conducted in accordance with es-
tablisned Stanford praciice, which is to test model propel-
lers at fixed rotativs sneeds and to vary the advance ratio
by alterlng the airspeed., DListed below are the hlade . o

angles® and corresponding rotative speeds at which each mod-
el was tested in the course of the present vnvestlgation.__ |

Four-blade models: P, Pg, Pgz, Pcs, Po1s Poz
Bo.7sn (deg) - 20 30 40 50 60
Rotative speed, rpn 210C 1740 1314 .. 996 744
Three-blade models: U=-series, E-serios, and Pga.

Bo.75m (deg) .12 24 36 48 6C
Rotative speed, rpm 2100 2100 1470 1066 __744

*Wominal angles, PB; reference — arbitrary chord line,
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The airspeeds ranged from agpproximately 90 mph_ to the lovest
values at which reliasbls observations of dvnamlc pressure
could Dbe mads, I s Tl T
Mo insure against errors of blade setting, obessrvation
or computation, two testy were made on each modsl at each
pitch setting. VUpon completion of the first test of each
pair, the model was removed from the dynamometer and the .
bPlade angles were carefully checked; upon completion of the
second tost, the procsdure was repeated. In the check run,
0bservations were nads a% airspeseds so chosen that the cor-
responding values of V/aD wvere staggored with respcct to
those of the original test., Data were rsjected anmd experi-
ments repeated in all instances in which the results of the
praired tests exhibited any substantigl or consistent differ-
ence,

The Gata observed at each airspeed were thrust, torque,
dynamic pressure, rotative speed, barometric pressure, wedl-
and dry-buld temperatures, and pressure on ths back of the -
gspinner, The number of such sets of simultaneous obsserva-
tions made during a single test varied from 11, when By wsy .
= 129, 0 22, in the case 0f ths 60° setting. -

REDUCTION OF DATA

The experimental data have been reduced to the usual
nondimenslonal forms . e .

Cp = P/pn®D® - - Cp = T/pn2D*

For the calculation of Cp, %he measured thrusts were cor-
rected to the values whlch would have prevailed Bzd the 7 °
Pressure on the back of the spinner been equal to the static
pressure of the air stream. "~ These spinner thrust correc-
tions wore determined and applied as a vouvtine precaution
vhich has been found particularly important when large &pin-
ners are used; in the present instance, their é¥fects upon
the final results were inconseguential, ’

—_—

Ifficlencies were calculated in accordiance with the -
relationship : SR R o

(Cp/Cp) (V/D) o =



R
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L{p]

For c¢he fairing of the peaks of the efficiency curves, addi-
tional guldance was furnished by asuxiliary efficiency values
which were computed by use of the coordinates of Cp and

Cp against Vv/nD curves as faired on large-scaele Cartesian

charts,

Sfome few data have been reduced to the forﬁ of thrust-
power coefficients, ‘The equation

Cpp = 0 Cp

-defines the relationship between the thrust (or effective)

and ordinary (or bdrake) power coefficients,
RESULTS

For purposes of illustration, complete numerical data
for one of the 14 models which were studied are included in
this report. These test results, which pertain to lodel
U-36, will be found in tables I t0 V; similar data for tho
other models, presented herein only in graphical form, may
be obtained on loan from the Office of Aeronautical Intelli-
gencoe, NACA, Washington, D. C.

Tha test results were originally plotted in the form
1llustrated by figure 7. This is a photograph of a large
chart the logarithmic scales of which have moduli of 10
inches, The example chosen for reproduction contains all
the data included in tables I to V., In figures B %tao 21,
the characteristics of all 14 models are reproduced fron
tracings of charts similar to0 figure 7.

These primary charts depict, of course, the character-
istics of propellers with fixed pitch settings and are, coOn-
sequently, of little direct use for aralysis of the merits
of the various types of blade under the conditions of
constantwspeed operation, It has, therefore, been neces-
sary to devise new gisvnical methods of comparison in order
that the results of tkhese tests may bPe viewed from the stand-
point of operation at constant values of Op rather than

that of fized blade angles. Charts of form appropriate o
this purpose have been derived from figurcs 8 to 23L; thelr
preparation will Pe outlined as they are referred to 1n the
following section. . T
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DISCUSSION

Blade Shank Form

Perhaps the mogt important fact brought to light Dby the
study of bPlzde shank form is the marked superiority of
faired shanks over round ones. This will become apparent if
an inspection is made first of the efficiency curves of figz-~
ure 8, which refer %to the round-shank prototype, lHodel P,
and then the corresponding curves of figures 9 to 13, which
illustrate the characteristics of those with faired shanks,
l{odels PG' PGI{' PGS’ Pcl, and PCB. :

Detalled examiration. of these figLres W1ll reveal thaﬁh
the effect of fairing the blade shanks is to augment both
the power and thrust coefficients which cdfrespond to given
piteh settings, The improvement of efficiency is, of course,
the result of the greater proportioral ingrease of thrust
than of power, This quantitative relatio@shln may be readily
confirmed by reference %o the logarithmic _charts (figs. 8 %o
13) ®vecause, in this form of plotting, proportionate changes
of unequal ordinates are characterized by edial vertical &is-
placements of points., It will be observed that the differ-~
ences between the characiteristics of bladgs with round and
faired shanks hecome progressively groatd? as the pitch 1s
incroased,

Envelope efficiency curves, traced from figures 8 to 13,
are shown in figures 22 and 23, There it may be seen that
the improvement of peak efficiency due to fairing increases
with the advance ratio and attains a value of approximately
one-geventh, or.10 percent, when V/nD = 3,0, It wili be
noted, however, that the envelope curves for the models with
various forms of faired shanks differ so slightly that it
has been necessary %o separate them into iws groups in oxder
that they may be distinguished at all. Déspite this approx-
imate coincidence of the envelope efficiency curves, it is
quite unwarranted %o conclude that variation of the form of
shank fairing has a negligible effect upon_tne characterisg-
tics of a propeller. These loss obvioui dffferences are not
roadily distinguishable in charts whichpdrtray the charac-
toristics of blades with fixocd plitch se 1ngs- to exposoe
them, it has boon nccessary %o develon tia constantnspocd
efflcioncy chart" which is dcescribed belm

-iT

¥
f
|
!

—_—
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The characteristic which distinguishes the operatioz of
a constant-speed propeller is that at a given ‘altitude and’
under specific conditions of engine operation (i.e., fixed
values of imp and rpm and, hence, bhp), the powver coeffi-
cient Op remains constant while the al*speed and advance

ratio may vary throughout the take-~off, &limb, level fli, ht
and diving regimes. It thus appears that the relative meri ts
of different forms of propeller blades intonded for constant-
gspeed operation can be fairly appraised only by comparing
the efficiencies which they attain while operating at eqﬂal
values of the power coefficient and over wido ranges of V,nD
The maintenance of a constant~power coofficient under such
conditions implies, of course, corresponding variations of
the pitch setting; this is accomplished in flight by the
action of the constant-speed governor dut it can bs ¢ffec~
tively accomplished in the laboratory by deriving appropri-
ate curves from the results obtained by testing models at
several fixed pitch settings. Lo

The method of preparing such curves is illustrated Dby
figure 27. Bxperimental results are represented by curves _
of Op against V/nD and contours of equal efficiency. 3By

drawing horizontal lines across these contours at selected’
values of Op, the values of V/nD at which the "contour

values" of efficiency will be attained are determined by the
positions of the intersections. Thus the curves designated
"n, Cp = constant! are constructed simply by plotting the

contour values of efficiency as ordinates at the abscissas
of the corresponding intersections. XEach of these curves
thereforo defines the efficiency which will be attaired when
the pitch is so adjusted as to maintain Cp at a constant

value while the advance ratio varies.

The constant-speed efficiency curves for the four mod-
els which have thick shanks are compared in figure 28, In
the upper chart, the characteristics of the round-shank
blades, llodel P, are compared with those of the blades which
incorporate the primitive thick, wide cuffs, ifodel Pg. 1t

is now clearly evident that the improvement of efficiency
under optimun (envelope) conditions is accompanied by sub—
stantial 1mprovements under all other operating conditions
included in these testss The readerts attention is called
to %the nonunlformlty of the improvement at various values of
Cp and V/nD.

i ).

'y

sl
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Since all the models with faired shanks excel liodel P,
the characteristics of Model PG have been selected as the

basis for subsequent comparisons., Thus, in the middle chart

of figure 28, 1t is seen that the curves for Hodel Pgy super=

inposed upon those of Modsl Pg. In this case, the only 4if-
ferences of any consequence are confined to the curves for
Cp = 0,5 and 0,7, As previously indicated by the envelope

curves, Hodel Puy develops slipghtly higher peak efficiencics

at large values of 7V/aD, but this is offset somewhat by tho
superiority of Model Py at the reduced values of ¥/aD*
which would be utilized in climbing flight when OCp = 0,5,

Attention is also called to the discontinuity in the effi-
ciency curve of Model Pg for Op = 0.7; this undesirable

characteristic constitutes an ample reason for rejecting
Yodel Pg in favor of Model Pgyg which reproduces practically

2ll the desirable characteristics of the forner.

Although the origin of the discontinuities which char—
acterize the curves for Hodel Pg (with _{p = 0.7 or Bo.75R

= 60°) cannot be positively identifjed in the absence of

wake survey data, there can be little doudbt that the largQ;:;
angle of twist incorporated. in this blade design is the -

basic cause of the irregularity. When the blades wish ]
faired shanks are set to 60° at 0,753, the pitch angles of .
the elements at the surface of the spinner are '

odel Ps Pog Pos Pe1 P2
B (at spinner, deg) 102 90 86 99 81

Examination of the 60° Cp curve of figures 9 to 13 will re-
veal that a marked effect of increasing the angle. of twist
is to depress that portion of the OCp curve which lies to
the left of the peak. This is particularly evident in the
case of Models Py and Pgy, which differ only in cuff pitch

angles, 4 congiderable part of this'réducgiaﬁhofm¥£fust_i§'
belleved to be the result of stalling of the shank elements
and it would appear obvious that the adversc effect of rear-—

ward rotation of the resultant force vectors hust 1ncrease B

*Phe phrase "at reduced values of V/nD"'" will be wusod,
hereafter, to designate the ranges of advance ratio boleh
tho values at which peak effic¢lencies occur, o




-

NACA TN Wo, 947 ' 13

as the Dlade angles of the shank elements progress Dbeyond

g0° In the case of lodel Pg, the stalling of the shank is.
probably delayed by the increased induced velocities arising
from the greater cuff width, but it is interesting to note

that when the stall does occur, Op drops to a level as low
as that attained by the other highly twisted blade, Hodel '
Py1. These considerations indicate the desirabillty of

avoiding excessive angles in the d931gn of cuffs for blades

which are to operate at high pifch séttlngS. e

Re'suming, now, comparison of the various types of blade,
the characteristics of Model PCS will be found superlimposed

apon those of Hodel Pn in ,the lower chart of figure 28. The

clent, is quite apparent uporn inspection of the curves, )
Since the only difference between ths blades of lUodels Pjg

and Papy was presumed to be the slight divergence between

tneir twist curves which is illustrated by figure 6, the in-—
feriority of the performance of liodel Pgpg scemed rather sUr-

prising until i+t was discovered that, through some erxror of
manufacture, the cuff profiles of Model Pgs deviated seri~
ously from the spocified forms. This fact is believed to ox-
plain most of tho difforence betwoon the characteristics of
liodels Pgg and Pgy. : L L =

The characteristics of i{odels Pg; and ch, which have

thin faired shan¥s and a somewhat larger design pitch than
the thick-cwff models, are compared with those of 1odel Pﬁ

in figure 229. Close 1nspection shows that Iodel Po1 is 1ni; 7

consequentially superior to Hodel Py under any condition,
whereas Hodel Py is by far the better under. the conditions

for climb at moderate and high powers. The beneficilal ef~
fects of reducing the pitch angles of the faired shank pro-
files is shown by the curves for Iodel ch. It is note~- s

worthy that efficiency is improved very consideradly fdf?ﬁhq
larger values of Cp and reduced but little when ' Op is

small, FHowever, even the iodel Pgo doos attain efficiencios

which, at large values of V/nD glightly eoxcoed those of
Hodel Pgg, the greater supsriority of Hodol ch at roducad

values of V/nD would appoar to outwoigh the limitod high-
spoed advantage of ilodel Pgp. In this connoection, 1t should

inferiority of Model Pug, abt all but the lowest power coefFi-

b
i |I||..|l.;

.
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1
be remembered that V,, varies approximately with n‘e;

whereas the rate of c¢limb varies ir larger proportion than
does M.

The differences between the characteristics of the
blades with thick and thin fgired shanks appear to be con-
sistent with the properties of the shank profiles, The 16—
series profiles used for the thin shanks are known to be

characterized by comparatively small values of -GLmai as

well as Oppsine The influenées of Cppiyp would be expected
to be beneficial when the shank elements operate at the
small or moderate angles of attack at which maximum effi-
ciencies are attained. On the other hand, as V/nD is re-
duced and the angles of attack increased, 1t is to be ex-

pected that flow separation from the thin 16-series shanks =~

will occur before the thicker Clark ¥ profiles stall, and
that the efficiencies of the thin-cuff models will therefore
be ianferior at reduced values of V/nD,

It is emphasized that the foregoing explanation does
not imply that thick cuffs are inherently superior to thin
ones, On the contrary, there 1s every reason to belleve
that for operation at high Hach numbers, thickness should be
minimized insofar as is compatible with adequate strength
and reasonably large maximum 1ift coefficients.

Before proceeding to the discussion of the other phasef‘_
of the investigation, the principal findings of the sbtudy of

blade shank form are summarized herewith;

1, The efficiencles of constant-speed propellers can

be materiaglly 1mproved by the substitution of faired shanks ~

for round ones,

2. The design pitch angles of the shank sections should
be 80 chosen that the operating pitch angles of the elemonts
cutside of the spinner will not substantially exceed g90°

3., The use of shank profilcs characterized by small
values of Opp.x appcears undesirable.

[y

Pitch Distribution

Uniform pitch,~ The fixed blade angle characteristics
of tho four models of the U~series, illustrated by figures

T tn e ipam g b
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14 to 17, are as remarkable for features of close resem- .
blance as they are for divergences., One rather surprising

resemblance is seen in the power coofficiont curvos; it is

apparent that as long as tho dosign pitch ratio is uniform,
its valuo may be varied Petween wide limits without seri-
ously influencing the forms or positions of the curves of

Cp against V/nD which correspond to given blade settings

at 0,75R, Equally ovident, however, arc tho marked diffor-
ences of form exhibited by the thrust coefficient curves for
the four models., 3But even in this case, it will be noted
that the major differencos arc c¢onfinod t0 thoso portions of
the curves which represent partially or fully stalled opera-
tion of the blades. Examination will show that as the de-
sign pitch angle is increasod from 36° to 60° - that is, as
the angle of twist is reduced - the valloys which charactor-
ize the low V/nD scctions of tho thrust curves for largo
blado anglos aro progrossivoly filled wup.

These varied characteristics combine to yield effi-
ciency curves which differ somewhat in form but define enve-
lopes which deoviate by the roemarkably small amounts shown in
figure 24, Interesting features of these curves are the
relatively high efficiency of Model U-60 at both extremos of
the V/aD range, its uniquely low efficioncy in tho middlo
range, the inefficliency of Hodel U-48 at small values of
Vv/nD, and the apparent tendency for tho models of this group
to assume, at very largo advance ratios, an order of morit

idontical with the order of maznitudo of thoir dosign pitch
ratios. '

When the constant-speed efficiency curves of figure 30
are compared, it is apparent that Model U~24 is slightly,
but elearly, superior to the other throo mombers of the
U-series under a large majority of operating conditions. To
be sure, Model U-60 excels all the others within a limited
range of the advance ratio when the power coefficiont is
largo and Model U~48 atitains alightly higher peal effl- o

ciencies at values of V/nD Dbetween 3 and 3,5, dut it ap~

pears that these are tho only conditions under whlch the
curves for MHodel U~24 are not either equal or superior to
those of gall the other uniform pitch models,

Nonuniform pitch.,- A considerables degree of resomblance

is to be seen between the fixed-blade- anglo characteflstlcs

of the uniform pitch (U-serios) and fractional envolope
(B~sorios) blados. Roforonco to figuros 18 to 20 rovoals
that as tho total anglo of twist within the length of the
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blade is reduced in the transformation from Model 0.8F to
Model 0,4E (fig. 6), the asrodynamic characteristics are al-
tered in a manner which resembles that previously cited in
connection with the somewhat similar reduction of twist °
which occurred as the uniform design pltch was increased,
(See fig, 4,) The similarity is most noticeable in the pro-
gressive filling up of the deeyr valleys Jjust to the left of
the pesks of the thrust coefficient curves for Bo.7sR"=“60°

and (fige. 31) in the straightening of “he rising portions of
the efficliency curves and lowering of their peaks. As the
twist curve for the fourth set of nonuniform pitch blades,
Model PGZ(E)*, is more nearly similar to that for Model O,8E

than to those of the other members of the Z-series; it is
not surprising that comparison of figures 20 and 21 reveals
relatively small differences between their characteristics
for equal blade settings.

It will be seen in figure 25 that the envelope effi-
ciency curves for the nonuniform pitch propellers are much
more widely separated than those for the uniform pltch group.
The progressive depression of the envelope with reduction of
the angle of twist incorporated in the blade is consisbtent
with the results of the U=~series tests. The fact that the
envelope for Model 0,4E is even lower than that for Model
U~60 i1s sasily understood when the ordinates of their twist
curves are compared., (See figs, 4 and 6,) The inferiority
of the envelope efficiency of Model Pgs(3) at low values of

V/nD is ascribed to the excessive twist in the outer por-~
tions of the blades of this type; the same influence 1ls dis-
cernible in the envelopes for the blades of uniform pitch,

The constant-speed efficiency ocurves of figure 31 _
(upper and middle charts) reveal that the effect of reducing
blade twist is to augment the efficiencies developed at low
values of V/nD, particularly when Cp 1is large, but at the

expense of serious efficiency reductions in the range of

advance ratio which would be utilized for normal c¢limbing -
and level flight, In other words, the curves of nM against
V/nD for given values of Op are "straightened" - that is,

the characteristic concavity of the rising slope is elimi-
nated ~ by elevation of the lower portions and depression of
the upper ones, However, 1f the curves for equal values of

R -y

*(3) indicates three blades, as in other models of U-
and B-series,
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Cp are conmpared, it will be seen that Model O0,8E is more

efficient than either Model O,86E or 0.4E at sll values of
V/nD greater than 0.6 (V/nD) for maximum officiency. It
thus appoars that blades which incorporate relativoly small
angles of twist are, under normal conditions of flight, in-
ferior to otherwise similar blades the twist curves of which
more closely approach the envelope form. It will be seen, 1
algo, that selection of one of the slightly twisted blades
with the object of improving take-off at large values of OCp
would entsail disproportionately large sacrifices of normal
flight performance. ' T

The lower chart of figure 31 shows that nonuniform
pitch blades of the type Pgp are inferior ‘to those of

Model 0,88 under all condlitions in which their characteris;
tics differ appreciably., Tests of Model Pgp(3) were added

to the original program for the investigation of pitch dis-
tribution when it was found that tho four-blade model of
this type developed higher efficiencies than the uniform
pitch type Pgy. However, figure 31 conclugively demon~

strates that mere reduction of the piteh of the inner por-
tion of a uniform pitch blade (5'0,753 = 33°, approx. ) does

not result in efficiencies gquite as great as those obtained
with blades of the type O.8E.

Comparison of uniform and nonuniform bitch.— It has

been pointed out that, when viewed from the standpoint of
constant-speed operation, Models U-24 and O0.8E are, respec-
tively, the best of the uniform and nonuniform pitch types
tested, The characteristics of these two models will now be
compared, and an effort will be made to determine the
-sources of thelr superiority.

The constant-speed efficiency curves for Model 0,8E are
superimposed upon those of Model U-24" in figure 32. While
neither set of curves is superior to the other under.all’
conditions, it is clear that Model O0.8E attains the higher
efficiencies at both extremes of the V/nD range (see enve-
lopes, fig, 26) and, at intermediate advance ratios, its
superiority at high power coefficients appears at least %o
balance its inferiority at low ones, It is therefore con-
cluded that the pitch distribution incorporated in Model
0.8% is slightly better suited to the conditions of constant-
speed operation in the absence of body interference than are
those of any of the other models tested. The relatively
glight susceptibility to body interference of blades with
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washed~out roots (reference 6) makes it reasonable to assume
that thisg superiority would be augmented iIn the pressnce of
an interfering body,

As a preliminary step toward isolation of the character-~
istics of pitch distribution which underlie the superiority

of Models U-24 and 0.8E, it may be of interest'to'compare“‘_i"

the efficlencles actually attained by models of large and
small design pltch with the 1deal values predicted by momen-
tum theory. Previous comparisons of this kind have involved
the preparation of an individual chart for ecach walue of the
power coeffliclent because the idesl efficiency depends upon
both Op and V/aD as indicated by the equation

ne [szv2 wpV D2 w] w (JL @ (2)
1~n T 2nP 2n Cp \nD

Thig complication can be eliminated, however, and a much
more comprehensive comparison can be made in a single chart
when it is recognized that the ideal efficiency is com- o
pletely determined by tho valuc of the parameoter
(¥/nD) Cp~¥ - that is, .

(V/aD) 6p~ 73 = n (2/m(1-n))"2 (3)

Thus, in figure 33, use of (V/nD) ny% as the independent

variable enables representation of the ideal efficiency for
all values of Op by a single curve and plotting of the

o -

actual congtant-speed efficiencies to this same scale of ab-
scissas yields a vory clear illiusitration of the influenco of
CP upon tho relationship between mctual and ideal qfficion-

cios.

The actual efficiencles are seen to be of the order of
90 percent of the ideal ones throughout a wide range of ad-
vance ratio when the power coefficient is small, dbut as Op

Iincreases the ideal wvaluos are closely approached only with-
in very limited ranges. The large discrepancies which ap-
pear under the latter conditions are, of course, the conse-
quences of stalling of major portions of the blades as the
blade angles and angles of attack increase. While these
curves show that blades of large and small design piltch do
not attain equal fractions of the ideal efficiency under
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comparable conditions, and that they exhibit very different

stalling characteristicse, it is apparent that, for quantita-
tive analysis of such differences as these, information con-
cerning the magnitude and distribution of the angles of at-

tack will be required.

Such data have been obtained for all the models in-
volved in the study of pitch distribution. The angle-of-at-
tack curves which appear in figures 37 and 38 correspond to
representative conditions of climbing and level flight; they
were prepared as follows: The straight line designated I in
figure 27 approximates the mean of the curves which connect
the maximum efficiency points of the fixed-blado- angle curves
of Op against V/nD for the oight models uscd in the pitch

invostigation, The parallel line II defines values of V¥/nD
which, at given values of OCp, are 0.8 of those for line I,
Reproduction of these lines on figures 14 to 21 furnished the
corresponding values of Cp and £ which define the curves
of figures 34 and 35, Finally, the bplade angles required
for the development of Cp = 0,5, 0.2, and 0.05 at the val-
ues of V/nD defined by lines I and II were read from fig-

ures 34 and 35, Knowledge of the blade settings, twist char-‘

acteristics, and advance ratios enabled detormination of the
radial distribubtion of blade angles (B'), advanco angles (@),
and angles of attack (o) as illustrated by figure 36, The
resultse -of these calculations are sunmarized graphically in
figures 37 and 38; attention is called to the use of the
1ift axis as the reference line for measurement of the an-
gles of attack defined by these curves.

To facilitate the establishment of a basis of correla~
tion between efficiency and angle-of-attack distribution,
the most pertinent data have been tabulated in table VI,
There will be found tho maximum and minimum values of tho
angle of attack (0,05 < r/R < 0,95), their difference, and
the efficiency developed by each model under sach of the six
selected conditions of comparison: namely,

1 A d
“ -l
*.1

R

Op 0,5 0.2 0.05 N
Vv/aD (I) 2,85 1,80 0.90
v/uD (II) 1,71 1,08 0.54

Before examining thesc data in detall, it may bo weoll
to call attention to one special feature of figures 37 and
8; i1t is that when Op = 0.5 and V/uD = 1,71, the values
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of « for all eight models substantially exceed the criti-
cal ones for normal airfoils - that is, major portions of

all the blades are fully stalled, It would therefore seem
prudent to exelude this condition from the present considera-
tion until o satisfactory analysis of unstalled operation
has been obtained and then %o consider this one as a special
case,

When the corresponding values of Aa and n for the
several models are compared, one unmistakable qualitative
relationship becomes apparent at once: Under each of the
five conditions of unstalled Operation, the model character-
ized by the largest value of Aa 1is least efficient., (Bx-
amination of figs, 37 and 38 reveals that the inner portions
of these least efficient blades (Model 0,4B) operate at nog-
ative angles of attack,) It is also indicated, although not
qulite s0 clearly, that there is a general tendency for 0
to increase as Aa decreases. T

Clear-cut evidence of the influence of Aa wupon N .
will be found in figure 39. In the three high-speed condi-
tions, which represent operation approximately at the peaks
of the efficiency ocurves for OCp = 0,5, 0,2, and 0,05, the

value ¢f 7N 1s seen to improve continuously as Aa ap-
proaches zZero., This is also true of the climbing condition,
Cp = 0,2 and V/nD = 1,08, but when Op = 0,06 and V/nD

= 0,564, both Aa and n ~vary so slightly that the influ-
ence of Aa appears t0 become irregular in the case of the
models of the U-series, In general, however, 1t is quite
evident that for unstalled operation the most desirable form
of pitch distribution is the one which leads to the smallest
variatioan of the angle of attack along the blado. =

Turning, now, to the special case of climb at high
power (Op = 0.5, V/nD = 1,71), an explanation must be

gsought of the marked superiority of the envelope type blades
over those of uniform pitch, The clue is found in the
curves of figures 37 and 38, The least efficient blades are
characterized by large and substantially uniform angles of
attack throughout the lengths of the blades; whereas tho
most efficient blades are those in which the angles of attack
of the inner elements are much smaller than those of the
outer ones. Since the outer elements of the nonuniform
Pitch blades attain even larger angles of attack than do the
corresponding oneg of the uniform pitch models, the develop-
ment of greater efficiencies by the nonuniform pitch blades
forces the conclusion that the beneficial effect of
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maintaining continvous flow over the inner portions of these
blades outwelghs the adverse consequences of the associated
more complete stalling of their tips.

In figure 39, idontification of the points which repro-
sent the various models enables recognition of an interest-—
ing difference between the behavior of the two families of
blades which have uniform and nonuniform design pitches. It
will be seen that among the envelope type blades, Model O,8E
has the least, and Model 0.4X% has the greatest, value of Ao
under all conditions. On the other hand, the wvalues of Aa
for the uniform pitch blades do not maintain a fixed order -
that is, as V/nD assumes the values 0,90, 1,80, and 2,85 =
the models which oxhibit tho smallest values of Ao arc,
respectively, U-24, U~36, and U-48. The variations of Ax
with V/aD for the models of the U- and B-series are illus-
trated by figure 40, The implications of this dissimilarity
merit serious consideration in the selection of the optimun
Piteh distribution for constant-speed propellers which nmust
operate over wide ranges of both Cp and V/nD.

Although the relationship exhibited by the models of
the Beseries in figure 39 indicates that Ao night be fur-
ther reduced, and 1N thereby improved, by the use of blades
of envelope form - that is, a "Model 1.0Z" ~ the shifting
order of merit of the models of the U-sories makes it diffi-
cult to visualize the properties of intermediate members of
this group. To enable reasonably accurate estimation in
both cases, the data of figure 40 have been replotted in the
alternative form of figure 41. PFrom these curves, the ex-
trapolated and interpolated values of Ao for the nonexist-
ent Models 1.0E, U-30, and U=42 have been transferred back
to figure 40 where the corresponding curves of Aa against
V/nD are shown as broken lines. Triangular and arrow-shapo
symbols in figure 39 identify the anticipated officioencilos
of such models, :

The close proximity of the arrows to the maximums of
the curves of N against Aa, as compared with the infe-
rior locations of the triangles of either kind, clearly in-~~
dicates that: The envelope pitch distribution is superior
to any uniform one for the blades of a constant-speed pro-_
peller which experiences negligible body interfersence. T

Since the criterion of uniformity of the angles of
attack leads to the foregoing conclusion, it would appear to
dictate, also, the following corollary: The envelope form
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of blade twist should be modified by the introduction of suf-
ficlient root washout to compensate for the local reduction
of velocity when body interference is present.* :

Influences of 3lade Loading and Number of Blades

Although the original plan for the present investiga-
tion included no troastment of this quostion, the testing of
models which had botk three and four blades of the same form
(PCZ) offers an opportunity to add to the meager store of -

exlsting knowledge concerning the offects of augmenting pro-
peller solidity by increasing the number of blades,

Experimentally determined efficiencies for these two
models are compared with the ideal values in figure 42, It
will be observed that the experimental curves for both typos
closely approach the idsal one throughout a wido rango of
¥/nD whoen Op is small, but that thoy fall far below it

everywhere outside of a very limited range when CP becomes

large. Of at least equal importance is the fact that the
adverse effects of increasing Op are much grcater with

three blados than with foure. : Coo—

Since the momentum theory predicts no change of effi-
ciency so long as . Op and V/nD remain fixed (equation

(3)), it is apparent that the advantages of the four-blade
type can result only from reduction of the forces on the in-
dividual blades. The almost exclusive control of efflclency
by blade loading and the absence of any consequential effect
of the actual number of blades is clearly shown by figure 43,
There it appears that propellers which have different num-
bers of blades of a common form attain practically identical
fractions of the correspondling ideal efficiencles (ﬂ/ﬂ )

when the loadings of their individual blades (CP/B) are_
the same at equal valuos of V/nD, '

Phig interesting relationship not only furnishes a con-
venient basig for prediction of the effect of altering so-
1idity by changing the number of blades but emphasizes the
far greater importance of blade loading than of disk loading
at prosent levels of deslign practice. It also indicates

*Theo beneficial effects 0f s0 modifying blades of uni-
form design pitch were pointed out long ago in reference 6,
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that the serious impairment of efficiency at reduced values
of V/aD which results from excessive blade loading can be
avoided - without appreciable penalty at large advance ra-
ti0s = by increasing solidity by the addition of blades.,
Further discussion of this subject will be found in the ap-
pondix,

CONCLUSIONS

The investigation of blade shank form has shown thatt

.1, Propulsive efficiency is substantially improved by
the substitution of failred blade shanks for round ones,

2s The shank sections should be go designed that the
pitch angles of the exposed elements will not substantially
exceed 90 under any condition of operation.

3, The use of shank profiles characterized by small
values of OCpp.x appears undesirable,

The mogt important facts revealed by the study of pitch
digtribution are:

4. Uniformity of the angles of attack along the blade
appears to be the best criterion of efficliency under condi~
tions of unstalled operation, It also appears that later
stalling of the root than the tip has a beneficial offect
upon the efficioncies attained at reduced values of V/uD,

5. Blades which incorporate small angles of twist in
their outer portions -~ that is, those of large uniform de-
sign pitch and those having small fractions of the "envelope
twist!" « are so inefficient under the majority of normal
Tflight conditions as to make them unsuitable for use in
constant-speed propellers, . R

6+ Oonversely, blades the twist curves of which ap-~
proach the envelope form exhibit the best constant-speed
performance characteristics,

7. Interpolation and extrapolation of the experimental
results indicate that the envelops form of pitch distribu-
tion 1is superior to any other for the blades of constant-
speed propellers which are to operate in tho absence of
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substantial body interference. It is believed that the in—
corporation of washout in the roots of such blades would
prove beneficigl when the vaelocitles near the hub are re-
duced by interference.

Anglysis of the offects of blade loading shows that:

8., Excessive blado loading has soverc adverse offocts
upon offieciency at roducod advanco ratios.

9., At oqual advance ratios, propollers which havo dif-
feront numbers of blades of & common form attaln substan-
tially ogqual fractions of tho corresponding ideal efficlon~
cios whon tho loadings of their individual blados ars equal, '

Stanford University, '
Stanford University, Calif., March 20, 1943,

-
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APPENDIX

NOTE ON THE SELECTION OF PROPELLERS WITH

SPECIAL REFERENCE 7O OVERLOADING

It is believed that the take-off, c¢limb, and ceiling
characteristics of many inherently fine airplanes are being
needlessly impaired by the overloading of their propellers
under those conditions, The term "overloading' is used here
to denote the operation of propellers with blades of normal
wildth at excessively large values of power coofficient per
blade (Cp/B); the importance of this paramoter is indicated

by the fact that as its value increases, thrust horsepowser
avallable fer propulsion ceases to be even approximately

proportional to bPrake horsepower and may actually dlmlnish
as the power input 4is further auwgmented,

Phe existence of such a "regime of diminishing returns"
was pointed out by the writer in 1940 but, since that anal-
ysis vas appended to a still-confidential report, the objec-
tives of tho present discussion arc to promote more gomeral
recognition and understanding of the phonomecnon of overload-
ing and to discuss means for avolding i1ts advorse offects,

To facllitate visualization of the efficiency of a
constant-speed propeller as a continueus function of the two
independent variables, OP and V/nD, the curves of flgure

27 = which pertain to Model U-36 - have been ombodied in tho
three=dimensional efficieney model illustrated by figure D,
In thls model, the vertical sides of the laminated block '
represent the limits of the experimental data; within those
limits, efficlency 1s represented by the height of the block,
The solid lines on the surface define the relationships



NACA TN No, 947 26

between Cp and V/nD for various fixed pitch setting and

the dot~and~dash line connects the highest points of the
constant=Cp sections., -

It will be seen that the surface of this modol is con-
tinuously convox in the rogion in which Cp 1is small but

that conecavity of the low V/nD flank appoars at intormedi-
ate values and becomes very marked at wvalues of Cp greater

than 0,2, This will be recognized as the previously dis-
cussed effect of increasing the blade loading. Now, sinco
efficiency at large valuss of OCp 1is seriously reduced

everywhere outside of a narrow range of V/nD, 1%t appears
that when bPrake horsepower input (pr0portiona1 to Cp is

increased while V/nD remains constant, the thrust horse-
power available for propulsion (pronortional to nGP) may

inerease in much smaller proportion if, 1ndeed it inereasecs
at all, However, as the effect of the varlatiOn of effi=-
cieney upon the relationship between brake and thrust powers
cannot readily be visuazlized by inspection of the simple ef-
ficiency model, the supplementary thrust-power coefficient
model shown in figure E has been constructed to illustrate
this most important characteristlc of a %ypical constant-
speed propeller,

In figure E, the ordinates of the model represent the
effective~ or thrust-power coefficient, Cpp = nCP. as a

function of Op and V/nD. Since the coordinates of this
model aro also logarithmic, the profiles of its constant- GP

sections (fig, 45) are identical in form with the correspond-
ing ones of the efficiency model (fig. 27). BEBven more sig-
nificant, however, is the fact that these curves are identi-

cal in form and orientation with the logarithmic curves of
available thrust horsepower against velocity which correspond
to the same values of OCp,

From the standpoint of overloading, the most signifi-
cant features of the shape of the thrust-power model are the
relatively small height of its left rear portion and the

presence of a definite transverse crest which is identified
by the dashed line designated 3d(nCp)/dCp = O in figure E.

Although the existence of thls crest may be confirmed by ex-
amination of the curves of figure 45, 1t is not unmistakadbly
apparent in figure E; visualization will therefore be
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facilitated by inspection of figure ¥, which 1s a photograph
made while the model was illuminated By = beam of light the
rays Oof which were parallel to the Cp axis, Here it may

be seen that all the surface behind tho dashed "erost Lins"
igs in %otal darkness while the meagor illumination of adja-
cent reglons indicato that vory small positive valuos of
a(ncP)/acP prevail there, This partial shadow idontifies

the regime of severe overloading; whereas the total absence.

of surface illumination indicates what may be termed satura—

tion! . : ' T
Phe potential porformance of an airplane obviously will

not be realized if the values of V/nD and Op which de-

fine the operating conditions for its propeller correspond
$0 a point within the shadowed area o0f the modell!s surface.
In fact, operating conditions which involve crossing the
crest line impose an impeneirable "propeller ceiling" upon
performance - that is, they place a definite limit wupon the
thrust horsepower which may be developed even though the en-
gine power bo indefinitely increased. - =
The projection of tho crest lino for Modol U- 36 upon
the V/nD,Cp plane is shown in figure 46, along with simi-
lar curvos for the other modols of uniform ‘dosign pitch,
Corregponding curves for the nonuniform-pitch models are
presented in figure 47, It may be correéectly inferred from
the relation of the shadow fringe, in figure ¥, to the crest |
lino, in figuro E, that although the best of the models
tested (0.8E and U- 24) are capable of efficient operstion,
within limited ranges of V/nD, at values of OCp as great

as 0,6 to 0,7, 1t would be a mistake t0o utilize them at
power coefficients much greater than 0,2 if 1,0 < V/nD< 1,5,
because close approach to the crest line at constant V/nD
must be interpreted as an increaso of power input which
yYields a disproportionately small return in the form of
thrust-power output. Since these models have three blades,
the corresponding blade power loading GP/B is approximatelJ
0.07. This value must not be considered applicable t6 blades
of all plan formg dut should be correlated with the activity
factor which, in the case of thoso modsls, has the relatively
largoe value of 92,4, )
The question now arises: How is inefficient operation
at reduced values of V/nD %o be avoided if, for example,
use 0f the largest diameter compatible with tip speed limi-
tations fails t0 eliminate the overloading of a propeller of
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the selected typel! Three alternative methods of escaping
from this dilemma suggest themsolves: )

(a) Adopt a smaller drive goar ratio and an appropri-
ately largor propeller diamoter.

(b) Increase the number of blades of the originally
solcctod size and form.

(¢) Roplace the originally selected blades with an
equal number of wider ones.

When 2 suitable gear ratio is available, method (a) of-
fers a satisfactory solution of the difficulty if the oen-~
larged diameter c¢an be accommodated. Tho dosired rosult is
obtained by rceducing CP """

ing the original oporating conditions %0 bo moved from a po-
sition closo t0 or bohind +the crest lino (figs. E, 45, and
468) to ono woll forward of it. Thoe rosulting improvemcnt of
low speed efficlency in a specific case (Model Pgo(3) has

been chosen t0 permit subsequent examination of solidity ef-
fects) may be seen in the curves for Cp = 0.4 and 0.3 in

figure 44, Since CP varies with l/D-2 when power input
and tip speed are fixod, such a reduction of OCp (0.4 to

0.3) would require a 15.5 percent incroase of diamector. How-
ever, at ¥V/nD = 1.0, the efficiency would rise from 0,403
to 0,532, a gain of 32 percent.

The alternative method (b) whereby the reduction of
Cp/B is obtained through variation of B rather than Op

may now be examined, 'In this case, 1mprovement is effectod
by modification of the propeller characteristics whiech cor-
respond to0 given valuos of V/anD and Cp. The origin and

character of such modifications may be readily visuallzed by
consideration of figure E.

The effect of increasing the number of blades is sub-
stantially equivalent to displacing the thrust-power model
through equal distances™ in the positive directions of the
Cp and nCp axes - that is, parallol to.a 45° line in the

Cp,nCp plane. Tho fact that n/n;, rather than N itsolf, =

*The displacements which corrospond to the change from
three t0o four blades are equal to0 the distances between the
0.3 and 0,4 divisions of the scalss, : - :

v .=
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is fixed by blade loading (fig, 43) would require minor dis-
tortions of the model to accompany such displacements in the

complete physical analogy, but for moderats changes of solid~-

ity these are practically negligible when V/nD > 1.0> Cp.

Thus interpreted, the effect of increasing the number
of blades is to displace the model while the horizontal oo-
ordinates (V/nD,0p) of the point which represcnts tho op-

erating conditions remain fixed. As the ordinate of the
point (nGP) is that of the model's surface, it will in-

crease as the displacement forces the representative point
off the flat crest onto the steep forward slope. It will be
seen that the relative motion of the point with respect to
the model ig, in thils simplified analogy, 1ldentical with
that for case (a). )

Figure 44 shows that with V/naD = 1,0 and OCp = 0,4,
the efficlency of ¥odel Pga 'ig increased from 0,403 to O, 522

by the addition of s fourth blade; the gain is 29,5 percent.
It is believed that a 33-percent increass of. blade widt® -
method (e) ~ would producs an -almost identical improvement
undoer tho same conditions.,

The practically negligible difference between the ro-~
gults of increasing diameter and solidity are particularly
interesting because the latter is advantagoous from the ~
standpoint of weight., If propeller weights vary with D3,
B, and blade width, the weights of the propellers require& '
to reduce the blade loading in the ratio of 3:4 will be ’
(1.,155)°% W, = 1.54 W, for case (a) and 1,33 W, for cascs

(p) and (e). It thus appears that despilte themg@zantagés_
heretofore ascribed to large diameters, it may prove desir-
able =~ at least under some conditions - t0 suppress over-
loading by increasing solidity rather than diasmeter,

It is hoped that the foregoing discussion may lead to &

more general recognition and better understanding of the
phenomensa associated with overloading and thus enable
cloarer analysis of individual propeller selection problems.
The hazards of inadoquacy will beo multiplle& as ongine ca-
pacities and ceilings increase; The utilizaetion of power
coefficients as great as 046 is now in immediate prospect,
and it appears likely that this maximum may soon be doubled
if not tripled., With this outlook, it behooves the de-
signers of all high-powered aircraft to considor carefully
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the case of the well~known bomber the full load ceiling of
which was very substantially augmented by the simple expe-
dient 'of increasing the width of its propellor blades.
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PABLE I
Model U36 Thres Blades B 0.78R = 12°
Tegt No, 123 Test No, 124
V/uD ca O n V/nD Cp Cq - 1
0.614 | 0,0163 | 0.0109 | 0.411 0,593 | 0.0189 | 0.0169 | 0,499
o573 | .0214 | .0213 | 573 582 | .0243 | .0266 | .60¢
534 | .0261| .0316| .647 .512 | .0283 | .0362 | .655
c492 | .0303 | .0414 | .e72 w471 | .0821 | .0458 | 672
c4d9 | .o3ze | L0812 | .ev8 v434 | .0350 | .0536 | .66
408 | .0365 | .0892 | .662 w394 | .oz7a | .o0e22 | .648
"370 | 0385 | L0870 | .644 o357 | <0396 | L0701 | .632
'326 | .0405 | .0754 | .607 v306 | .0416 | .0790 | .581
v285 | .0416 | .0818 | <560 268 | 0425 | .0843 | .532
250 | 0422 | L0873 | o517 +219 | .0433 | .0019 | .466
208 | 0429 | 0930 | .451
TABLE II
Q
Model U36 Three Blades B o.7sr = 24
Test No, 127 Test No, 128
V/uD Cp Cp n V/nD Cp Cp n
1,175 | 0,0163 | 0,0082 | 04375 1,149 | 0,0242 | 0,0127 | 0,803
1,121 | .0307 | .0182 | .701 1.005 | .0%01 | .0278 | 777
1.071 | .0425 | .0323 | .814 1,047 | .0507 | .0402 | .830
1,018 | .0568 | .0473 | .848 \993 | .0618 | .0526 | .845
969 | .0679 | .0589 | .84l c943 | 0728 | .0658 | .B52
t915 | 0774 | 0715 | .843 890 | .0823 | .o782 | .846
.861 | .o866 | 0841 | .836 .839 | .0895 | .0886 | .831
.813 | 0922 | .0931 | .821 w788 | .09468 | .oo75 | .812
w764 | 0061 | .0998 | .794 w757 | .oom4 | .1054 | .wao
o711 | .o998 | .1090 | .777 .686 | .1014 | 1129 | .764
661 | 1020 | <1168 | .750 v631 | .1024 | .1211 | .vm2
1609 | .1047 | .1230 | .715 585 | .1085 | .1261 | .699
.550 | .1065 | .1288 | .G76 <533 | .1079 | .1319 | .652
2507 | 41090 | .1341 | .624 479 | J1121 | .1m71 | .®86
V456 | +1145 | 1370 | .546 434 | .1182 | 1378 | .506
V404 | 1235 | 1381 | .482 2381 | .1274 | .1408 | .421
+353 | .1286 | .1422 | 390 2325 | .1325 | .1440 | .353
o304 | 1347 | .1483 | .328 280 | .1367 | .1470 | .z01
o251 | 41400 | .1490 | .267
TABLE III
Model U368 B a
Three Blades B 0.75R = 35
Test No, 13 Test No. 132
V/nD Cp Cm n V/nD Cp Co n
1.842 | 0,088 | 0,0114 | 0,841 1.806 | 0.0498 | 0,0
1778 | .0640 | 0284 | w708 10782 | 10790 | oomg | oo
1,695 | .091%3 | .0453 | .841 1,663 | .1050 | .0542 | .8B58
1.621 | .1185| .0632 | .8e5 1.586 | 1315 | 0726 | .876
1.551 | .140e | .0794 | .8va 1.519 | .1500 | .o0s61 | .8v72
1,477 | .1609 | .0982 | .a74 1.445 | .1677 | .1010 | .870
2,397 | <1740 | 3076 | 864 1.267 | .1787 | .1121 | .es8
1.323 | .184a| J1184 | B4 1,299 | .1891 | .1229 | .B44
1,248 | ,1936 | .1287 | .830 1.218 | 1978 | .1333 | .821
1,177 | .201¢ | .1386 | .810 1,145 | 2051 | .1427 | .w7e7
1.103 | .2085 | .1467 | .776 1,071 | .2123 | .1502 | .vs8
1,026 | .2169 | .1541 | .729 1.005 | .2223 | .1862 | .706
<984 | .2270 | .1553 | .653 «920 | 2336 | .1549 | .810
+880 | .2350 | .1546 | 579 .846 | .2385 | .154¢4 | .548
.805 | .2420 | .i855 | .B1v o773 | .2405 | .1561 | .484
736 | .2499 | .1868 | 482 700 | 2846 | 1577 | <434
659 | .2582 | ,1598 | .408 .621 | ,2610 | .1614 | .z84
589 | .2648 | L1630 | .33 o557 | 42660 | .1639 | .343
.213 .g;%g .%ggg 313 473 | 2727 | 1876 | 291
570 | 13618 | 11vee | Loem P401 | B7SS | .171s | 248
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TABLE IV
o
Model U36 Thres Blades 8 0.75R = 48
Test.No., 135 Test No, 136
v/uD Cp Cn n V/nD Cp Cr n
2,617 | 0,1804 | 0,087 | 0,786 2,683 | 0,2091 | 0.0653 | 0,807
2.520 | .2236 | .O727 | .822 2,491 | .2448 | .0820 | .834
2,425 | 2659 | .0925 | 844 2,380 | .2864 | .1026 | .863
2,330 | .2085| .1102 | 860 2.28¢ | 3072 | .1168 | .868
2,228 | .3181{ .1217 | .858 2,179 | .3261 | .1289 | .861
2,120 | .3333| .1338 | .851 2,075 | 3423 | .1399 | .848
2,025 | ,3493 | .,1460 | .848 1,966 | 36564 | 1615 | .836
1,925 | 3614 | (1560 | .831 1.8707| 3690 | .1616 | .819
1,817 | .3741| .1653 | .803 1.773 | 3768 | 1662 | 791
1.712 | 3836 | 1716 | .766 1.666 | 3886 | 1732 | 743
1,615 | .3928 | .1718 | .706 1.564 | .3911 | .1669 | «667
1,508 | .3878 | .1625 | .632 1,460 | .3861 | .160L | .609
1,405 | .3813 | .1569 | 578 1.361 | .3810 | ,1560 | .557
1,304 | 3814 | .1636 | .525 1.268 | .3812 | .1504 | .4986
1.209 | .3844 | .1498 | .471 1,160 | .3889 | .1600 | .447
1,104 | ,3926( .1619 | .427 1,062 | 3963 | .1520 | .407
1,006 | .4027| .18B1 | .387 .956 | .4067 | .1664 | .368
894 | .4101| 1673 | .343 .860 | .4175 | .,1605 | .331
«820 | .4233| .1630 | .318 764 | .4299 | .1665 | .2902
JL1L | .4322| 16757 .278 .861 | .4385 | ,1691 | .255
W601 | .4379| 41699 | .233 .550 | .4438 | .1721 | .213
J506 | .4430 | 1727 | .197
TABLE V
Model U36 Three B = 60°
lades B 0.76R = 60
Test No. 139 Test No. 140
V/nD Cp Cop n V/nD Cp Coq 7
3.626 | 0.6564 | 0,1420 {0,784 5,700 | 0.6142 |0
3.505 | .6774 | .1543 | .798 B.706 | 16378 | 1598 | iwes
3.344 | .6902 | .1648 | .798 3.571 | 6734 | .1502 | .79%
3,211 | .6985 | ,1736 | .798 3.402 | .6876 | .1604 | .794
3,050 | ,7089 | .1850 | .796 3,267 | .6972 | ,1710 | .801
2,907 | 7166 | .1939 | 787 3.122 | 7026 | .1798 | .799
2,750 | 7098 | .1944 | ,753 2,964 | .7096 | ,1903 | .795
2.807 | .7048 | .1942 | .718 2.839 | 7117 | ,1949 | 777
24462 « 6857 «1.839 « 660 2,684 7099 .1084 750
2,330 | .6369 | ,1589 | .58 2.528 | .6954 | ,1908 | .694
2,170 | B791 | 1274 | 477 2.396 | .6646 | ,1739 | .627
2,010 | ,5499 | (1117 | .408 2.241 | .56983 | .1387 | .B20
1,873 | .5420 { .1081 | .374 2.096 | .5643 | ,1182 | .439
1.731 | .5420 | ,1083 | .346 1,952 | 5457 | .1104 | .395
1,580 « 5596 « 1131 «319 1.800 <5410 .1083 .3680
1.450 | 5738 | .1186 | .300 1.662 | .5494 | ,1106 | .336
1,312 | .5861 | .1223 | .274 1.616 | .5653 | ,1156 | .310
1.160 | 5908 | .1287 | .249 1.374 | .5809 | ,1203 | .285
1,024 | 5950 | .1290 | .222 1.218 | .5900 | .isaz | .258
874 | .5956 | 1254 | .199 1,085 | .5914 | ,1267 | .232
2717 | (6950 | .1385 | .17 .940 | .B936 | .1207 | .205
.805 | .5978 | ,1381 | .186

-
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TABLE VI
Angles of Attack and
Effici
Gonditions of Operation. o oonabive
(I) High Speed
Op =0 = =t g 2
p=0.5 V/oD = 2,85
" V/aD = 1,71
= O
ggg 202 | 44 | 12,8 | 0.826 2 | Sn) )
ved ocal ao | ST .23 585 | S30a| 01| iees
Uso 10‘4 »9 1.7 + 83D 2%, 4 . 0,2 « 463
. . 'Y
0.6E ig'g = 5s0 } 1B44 ) 783 27.5 il
0 . 3.6 | 9.3 . 142 | 86,3 |, B6y7
8B 10.8 | 7.3 819 [ 28,7 | 8.68)17.1}°
PO2(3) 9.6 5. 3.5 835 23.5 15.8 ol 55,0
L .6 3.0 0838 22.6 110 ‘708 54.6
c - O 2 .'? 1009 51.?
4 M v/nD = 1,80
i V/ub —
ggg 1,1 5-2 5.9 ] 0.866 i / i
o 728 | 8.7 | 0.9 | 87 it B e dl e
TG0 . 13 | 6,0 | .873 . ol | 4.8 ,788
8|9 - 5,7 15'5 4 4 1
0.4E 7 | aaie | lee7 § 1801 |- sl |Isti| tvse
0.6E %i:g 5 Sorl| cI21 g 1Te0 | 231.9 za.o roe
A R A B R
o) 1|~ 2.2 | 210.3 | . o 4,3 | 10.2 | 781
— 3| 4862 | 15.5 | 0.7 | 14,8 | .78l
ot A V/nD = 0,90 '
g - V/nD = 0,84
ggg 5s5 | 3.7 | 1.8 [0.845 3 13
U48 700 | Loz | 58 | i858 | 1ecs| a3 |2ona |%ives
8,5 | = 5.2 | 11,7 5| B341|21.4
U6o 5,8 | =12,7 ‘vl teaa B 1300 | BlE st | st
ousE 7 | 1845 | 4820 § 10.4 |~ 4,7 O o
0‘6 7.2 -19.9 27 l 7 o L .1 0762
-6E 606 |-12.4 | 17.5 | .508 8.5 | ~11e8 | 2043
0.8B 5.0 | = ¢ o9 +«806 8,5 | = L + 758
) 5e3 1043 * 4.5 | 13,0 7
Pap(3) 647 |~ 846 | 1643 'ggg 1051 281 7,7 '73&
[} . 12.0 - l'o 15.0 :?47

Angles of attack are given in degrees
A = @nax = Cnin
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Figure A.- Model on dynamometer.
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Figure D.~ Efficiency model.
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Figure E.- Thrust power model.
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Fig.

Figure F.- Thrust power model (showing definition of crest
by light beam).
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